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Abstract 
Chemical  vapor  deposition  (CVD)  has  been  recognized  as  one  of  the  most  
promising  methods  to  produce  carbon  nanotubes  (CNTs)  industrially.  Oxygen  is  
important  in  CNT  high-­‐‑volume  production,  but  few  of  the  studies  propose  mechanistic  
details  for  how  oxygen  exerts  these  effects.  Since  reported  optimization  conditions  to  
generate  CNTs  are  based  on  empirical  results,  several  gray  areas  still  exist  in  the  CNT  
growth  mechanism.  Uncovering  the  CNT  growth  mechanism,  especially  for  the  oxygen-­‐‑
related  CNT  synthesis,  is  necessary  to  promote  CNT  production  with  atomistic  control.    
Here,  in  order  to  separate  gas  and  catalyst  thermal  effects  and  allow  for  uniform  
transformation  of  gas  as  it  approaches  substrate,  a  specifically  designed  CVD  reactor  
was  assembled  for  determining  the  CNT  growth  mechanism.  Two  typical  and  promising  
oxygen-­‐‑related  CVD  processes  (equimolar  C2H2-­‐‑CO2  reaction  and  water-­‐‑assisted  CNT  
growth)  were  studied  to  analyze  the  role  of  oxygen.  The  reported  equimolar  C2H2-­‐‑CO2  
reaction  process  could  deposit  CNTs  on  various  substrates  and  at  relatively  low  
temperature.  The  water-­‐‑assisted  CVD  process  could  obtain  dense,  high-­‐‑purity,  and  
millimeter-­‐‑scale  CNTs,  which  is  promising  for  mass  production  of  CNTs.    
Firstly,  native  CO2  (12C  CO2)  and  13C-­‐‑labeled  CO2  were  individually  used  as  
feedstock  with  C2H2  to  grow  CNTs.  A  statistical  study  using  the  Raman  spectra  of  the  
yielded  CNTs  in  both  conditions  indicated  that  the  C  in  CO2  was  not  incorporated  into  
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CNTs.  Based  on  this  conclusion,  an  electron-­‐‑pushing  CNT  growth  mechanism  was  
proposed.  The  role  of  oxygen  in  CO2  was  indicated  as  grasping  hydrogen  atom  in  the  
raw  CNT  lattice.  
Secondly,  CNTs  were  synthesized  with  various  H2O  concentrations  ranging  from  
10  parts  per  million  (ppm)  to  220  ppm.  Quantitative  study  of  the  CNT  outer  diameters  
by  TEM  imaging  indicated  that  the  outer  diameter  tended  to  increase  with  H2O  
concentration  (the  average  outer  diameter  ranges  from  4.8  nm  at  10  ppm  H2O  to  6.4  nm  
at  220  ppm  H2O).  Raman  spectra  revealed  that  the  dominant  CNTs  went  from  SWCNTs  
at  10  ppm  H2O  to  MWCNTs  at  high  H2O  concentration,  consistent  with  the  diameter  
increase  trend.  The  formed  catalyst  might  explain  the  CNT  quality  change.  The  AFM  
images  of  the  catalyst  demonstrated  that  the  height,  size  and  spacing  of  the  iron  
nanoparticles  on  the  substrate  increased  with  water  concentration.  The  alignment  
property  was  tested  by  SEM  imaging.  The  yielded  CNTs  at  120  ppm  H2O  got  the  best  
alignment.  The  gas  composition  analysis  results  indicated  that  the  H2O  might  promote  
the  decomposition  of  the  main  carbon  precursor.  The  oxygen  in  H2O  might  influence  the  
catalyst  activation  and  carbon  precursor  decomposition.    
Through  the  CNT  characterization  and  gas  composition  analysis,  the  role  of  
oxygen  could  be  categorized  into  three  areas:  1)  absorb  hydrogen  in  immature  CNT  
lattice;  2)  influence  catalyst  formation;  3)  promote  carbon  precursor  decomposition.  
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1. Introduction 
Since  the  discovery  of  multi-­‐‑walled  carbon  nanotubes  (MWCNTs)  in  1991[1]  and  
single-­‐‑walled  carbon  nanotubes  (SWCNTs)  in  1993[2],  carbon  nanotubes  (CNTs)  have  
been  widely  studied  with  respect  to  synthesis  methods,  applications  and  implications.  
CNTs’  characteristics-­‐‑-­‐‑hollow  cylindrical  structure,  theoretically  pure  sp2  hybridization,  
high  aspect  ratio  (length-­‐‑to-­‐‑diameter)—give  them  unique  properties,  allowing  for  broad  
applications  in  structural,  electrical,  optical  and  energy  fields[3].  Chemical  vapor  
deposition  (CVD)  has  been  recognized  as  one  of  the  most  promising  methods  to  produce  
CNTs  industrially[4].  Research  relating  the  carbon  precursors[5],  catalysts  structures  and  
composition[6],  and  thermal  pre-­‐‑treatment[7,  8]  are  booming  in  recent  decades  in  order  
to  improve  the  yield  and  quality  of  carbon  nanotubes.  
1.1 Oxygen appearance excites CNT growth 
Generally,  carbon  feedstock  with  the  assistance  of  hydrogen  can  be  deposited  
into  CNTs  on  the  surface  of  catalyst  substrates  at  high  temperature  (500  oC  to  1000  oC).  
Among  various  explorations  of  CNTs  synthesis,  one  interesting  phenomenon  is  
noticeable.  Oxygen-­‐‑containing  gases  (e.g.,  alcohols[9,  10]  and  carbon  monoxide[11,  12])  
can  serve  as  the  role  of  the  carbon  feedstock,  which  is  often  an  oxygen-­‐‑free  hydrocarbon  
in  traditional  approaches.  Additionally,  appropriate  level  of  water[13],  carbon  
dioxide[14-­‐‑17],  and  molecular  oxygen[18]  can  act  as  promoters  for  CNT  yield  and  
quality  control.  These  findings  indicated  that  oxygen  plays  an  important  role  in  the  
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resultant  CNT  structure,  but  the  mechanism  by  which  this  phenomenon  occurs  is  poorly  
understood.  Moreover,  these  experimental  explorations  reached  some  empirical  
conclusions.  For  example,  100  ppm  water[13]  and  ethanol  addition  through  100  sccm  
(standard  cubic  centimeters  per  minutes)  He  passing  through  the  bubbler[19]  could  
promote  CNT  growth;  equimolar  C2H2-­‐‑CO2  reaction  could  achieve  CNT  synthesis  at  low  
temperature[16].  A  source  of  carbon  is  necessary  to  provide  the  C  in  CNTs,  while  
diatomic  hydrogen  is  necessary  for  activating  the  catalysts.  However,  the  reason  why  
oxygen,  a  seemly  irrelevant  element,  plays  such  a  significant  role  in  CNT  growth  is  not  
fully  understood.    
The  alcohol  catalytic  CVD  (ACCVD)[9,  12,  20-­‐‑23]  process  is  reported  to  yield  
high-­‐‑purity  SWCNTs  at  low  temperature.  Maruyama  et  al.[9]  proposed  that  the  
produced  OH  radical  could  etch  the  CNTs,  keeping  the  generated  SWCNTs  in  high  
purity.  This  technique  could  yield  CNTs  at  about  550  oC[9,  22],  which  is  lower  than  the  
operating  temperature  with  traditional  carbon  precursors.  Using  13C-­‐‑labeled  ethanol  as  
carbon  precursor,  Xiang  et  al.  [24]observed  that  the  carbon  atom  in  methyl  group  
preferably  decomposed  into  the  SWCNT  lattice,  implying  the  existence  of  OH  radical  
group  plays  a  role  that  is  not  directly  related  to  the  C-­‐‑C  incorporation.    
Using  CO  as  carbon  feedstock,  the  HiPco  process  [11,  12,  25-­‐‑28]can  generate  
SWCNTs  at  high-­‐‑pressure  (30-­‐‑50  atm)  and  high  temperature  (900-­‐‑1100  ℃).  Bronikowski  
et  al.[12]  explained  that  the  SWCNTs  nucleate  and  grow  because  of  CO  dispropornation  
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on  the  catalysts  from  the  decomposition  of  Fe  (CO)5.  Up  to  97%  purity  could  be  obtained  
in  the  HiPco  process[12].  Further  explorations  on  the  purification  methods[25]  to  extract  
iron  and  amorphous  carbons  from  CNTs  and  reported  characterization  results[26,  27]  of  
the  CNTs  made  HiPco  a  promising  method  for  controllable  CNT  synthesis.    
The  water-­‐‑assisted  CNT  growth  was  firstly  reported  in  2004  by  Hata  et  al.[13],  
who  synthesized  millimeter-­‐‑scale  vertically-­‐‑aligned  nanotube  forests  by  adding  trace  
amount  of  water  into  the  feedstock.  Above  99.98%  carbon  purity  was  achieved  in  the  
water-­‐‑assisted  growth  process.  The  promotion  of  CNT  synthesis  by  water  is  generally  
explained  as  enhancing  the  activity  and  lifetime  of  the  catalysts.  Through  observing  the  
catalysts,  Amana  et  al.[29]  proposed  that  water  and  the  hydroxyl  species  could  inhibit  
Ostwald  ripening,  which  is  one  supposed  possible  reason  for  CNT  film  growth  
termination.    
Among  typical  precursors,  acetylene  is  reported  as  the  direct  precursor  for  CNTs  
production[30],  and  generating  CNTs  from  acetylene  is  described  as  thermal  
decomposition  of  acetylene.  Magrez  et  al.[14,  16]  found  that  CO2  addition  promoted  the  
conversion  from  C2H2  to  CNTs,  and  discovered  that  when  the  atomic  ratio  of  C2H2  to  
CO2  is  1:1,  highest  CNT  yield  was  achieved.  The  interesting  reaction  could  be  completed  
at  low  temperature  and  CNTs  can  be  deposited  on  multiple  functional  materials  with  
minimal  treatment,  including  sea  urchins  and  Euro  coins!  Magrez  et  al.[16]  described  
this  equimolar  C2H2-­‐‑CO2  reaction  as  oxidative  dehydrogenation  reaction,  discriminating  
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it  from  the  traditional  thermal  decomposition  of  acetylene,  implying  the  oxygen  species  
in  CO2  play  a  significant  role  in  the  promotion  by  acting  as  a  sink  for  hydrogen.  
In  addition  to  water-­‐‑assisted  and  carbon  dioxide-­‐‑assisted  reactions,  molecular  
oxygen-­‐‑assisted  CNT  synthesis  has  also  been  reported,  which  could  afford  ultra-­‐‑high-­‐‑
yield  growth  of  vertical  SWCNTs.  Zhang  et  al.[18]  found  that  adding  molecular  oxygen  
(1%)  to  methane  enabled  highly  reproducible  growth  of  densely  packed  SWCNTs.  They  
proposed  that  the  oxygen  could  adjust  C  and  H  radicals  and  provided  a  C-­‐‑rich  and  H-­‐‑
deficient  environment.    
All  of  these  findings  suggest  the  important  role  of  oxygen  in  CNT  synthesis,  but  
few  of  the  studies  propose  mechanistic  details  for  how  oxygen  exerts  these  effects.  
Furthermore,  reproducible  nanomanufacturing  relies  on  an  understanding  of  the  role  of  
oxygen,  as  large  reactors  are  prone  to  temporally  variant  water  contamination  that  will  
affect  CNT  product  quality.  Thus,  a  major  aim  of  this  thesis  is  to  develop  an  
understanding  of  the  precise  role  of  oxygen  on  the  gas  and  catalyst  rearrangements  that  
occur  during  CNT  synthesis  in  the  presence  of  various  oxygen  forms  (e.g.,  CO2  and  H2O).  
1.2 Carbon incorporation mechanism 
In  order  to  clarify  the  role  of  oxygen  in  CNT  synthesis,  one  must  first  understand  
the  carbon  incorporation  mechanism  during  CNT  growth.  
The  carbon  incorporation  mechanism  from  carbon  precursors  or  reaction  
intermediates  is  still  an  open  question.  Growth  rate  and  nanotube  characteristics  may  be  
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influenced  by  the  carbon  precursors  and  reaction  intermediates[7,  31].  Three  main  
hypotheses  are  built  through  simulation  or  experiments[4]:  1)  scission  of  carbon  
precursors[32],  2)  incorporation  of  carbon  atom  chains[33],  and  3)  direct  polymerization  
of  carbon  precursors[34].    
Scission  of  carbon  precursors  is  the  key  step  of  the  most  prevalent  vapor-­‐‑liquid-­‐‑
solid  (VLS)  mechanism[35],  which  is  based  on  experimental  observations.  Modeling  
calculation  results  used  this  theory  and  unfolded  it  in  detail.  Lee  et  al.[36]  simulated  the  
C2H2  decomposition  on  the  Fe  (001)  plane  through  first-­‐‑principles  density  functional  
theory  (DFT)  calculations  and  found  that  the  strong  attraction  between  C  and  Fe  atoms  
caused  C-­‐‑C  bond  scission.  Kayastha  et  al.[32]  described  the  similar  process  as  
dissociative  adsorption  of  C2H2  molecules  on  Fe.  Through  running  a  molecular  
dynamics  simulator  with  a  quantum  semiempirical  Hamiltonian  model,  Vasenkov  et  
al.[37]  found  that  a  large  amount  of  energy  was  being  released  when  acetylene  
decomposition  happened  and  the  energy  releasing  rate  was  independent  of  temperature  
(in  the  range  of  20-­‐‑700°C).  Using  13C  isotope  labeled  ethanol  as  carbon  precursor,  Xiang  
et  al.[24]  observed  that  the  carbon  atom  in  methyl  group  preferably  decomposed  into  the  
SWCNT  structure,  supporting  the  mechanism  that  the  decomposition  and  bond  
breaking  not  only  happen  in  ethylene  and  acetylene,  but  also  in  ethanol.    
Some  reports  support  the  hypothesis  that  carbon  atom  chains  act  as  the  direct  
carbon  incorporating  species  for  CNT  formation.  Through  hybrid  molecular  dynamics  
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(MD)-­‐‑force  biased  Monte  Carlo  (UFMC)  simulation  study,  Neyts  et  al.[33]  described  
how  short  chains  of  five  or  six  carbon  atoms  formed  first  and  rearranged  into  ring  
structure  in  SWCNTs.  Page  et  al.[38]’s  study  on  the  SWCNT  nucleation  and  growth  
mechanisms  through  quantum  mechanical  molecular  dynamic  methods  presented  the  
process  of  C2  units  bounding  to  the  metal  surface  and  forming  longer  polyyne  chains  
(existing  as  Fe-­‐‑Cn-­‐‑Fe  type  arrangements)  in  the  initial  stage.  Moors  et  al.[39]  proved  the  
occurrence  of  short-­‐‑chain  carbon  polymers  (C1-­‐‑C4)  in  the  vicinity  of  catalysts  surface  
through  the  coupling  of  experimental  observation  (video-­‐‑field  emission  microscopy)  
and  tight-­‐‑binding  Monte  Carlo  (TBMC)  simulation.    
With  alkynes  present  as  carbon  precursors,  a  polymerization-­‐‑like  formation  
mechanism  is  reported  for  the  growth  of  CNTs.  Plata  et  al.[34]  demonstrated  that  
addition  of  multiple  alkynes  (C2-­‐‑C4)  could  accelerate  the  growth  of  MWCNTs  from  
ethylene  and  suggested  a  polymerization-­‐‑like  formation  mechanism  (ethylene  bonded  
with  acetylene  to  form  ring  structures)  without  C-­‐‑C  bond  dissociation  from  C2  units.  
Eres  et  al.[40]  conducted  time-­‐‑resolved  optical  reflectivity  measurements  in  the  
molecular  beam  environment  to  study  real-­‐‑time  CNT  growth  kinetics  and  proposed  an  
acetylene  self-­‐‑assembly  mechanism,  which  also  skipped  the  C-­‐‑C  bond-­‐‑breaking  step.  
Thus,  there  are  several  plausible  proposals  for  the  incorporation  of  carbon  into  a  
growing  CNT  lattice  structure  that  are  either  supported  by  theory  or  empirical  data.  
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Here,  we  attempt  to  add  to  the  latter  in  order  to  help  distinguish  which  mechanism(s),  
or  hybrids  thereof,  prevails.  
1.3 The complexity of gas phase intermediates 
Some  research  tries  to  explain  the  role  of  oxygen  via  the  effect  on  the  catalysts.  
Futaba  et  al.[41]  demonstrated  that  the  catalyst  activity  could  reach  84%  in  the  water-­‐‑
assisted  growth  of  SWCNTs  by  a  statistical  and  macroscopic  approach.  They  even  
proposed  that  by  tuning  the  addition  of  water,  the  catalyst  activity  could  be  close  to  
100%.  Using  ex  situ  microscopic  and  spectroscopic  analysis,  Yamada  et  al.[42]  observed  
the  structure  and  composition  of  catalysts  with  and  without  water.  They  demonstrated  
that  water  could  remove  carbon  coating,  keeping  catalyst  clean  and  sustaining  catalyst  
activity.  Meanwhile,  Amada  et  al.[29]  suggested  that  water  could  prevent  the  Ostwald  
ripening  of  catalyst  (i.e.,  the  coalescence  of  many  smaller  catalysts  into  larger  catalyst  
particles),  improving  catalyst  lifetime.  
Undoubtedly,  the  catalyst  plays  a  pivotal  role  in  CNT  growth.  On  the  other  hand,  
gas  phase  composition  during  the  synthesis  could  be  as  important,  but  much  less  
thoroughly  investigated.    
Firstly,  thermal  treatment  converts  the  feedstock  gases  into  various  carbon-­‐‑
containing  species,  including  environmentally  harmful  volatile  organic  compounds  
(VOCs)  and  polycyclic  aromatic  hydrocarbons  (PAHs)[7,  43].  These  gas  phase  
intermediates  not  only  have  environmental  implications,  but  also  influence  the  CNT  
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growth.  Hart  et  al.[7,  44,  45]  invented  a  decoupled  thermal  treatment  reactor  to  precisely  
tune  CNT  qualities  through  pretreatment  of  carbon  precursors  and  catalysts  
independently.  Their  results  demonstrated  the  complexity  of  the  gas  compounds  in  the  
CVD  process,  suggesting  that  some  compounds  might  enhance  CNT  synthesis  while  
others  inhibit  the  process.  The  complex  chemical  reactions  raised  the  interests  in  the  
exploration  of  the  direct  and  efficient  carbon  precursor  for  CNTs.  Shukla  et  al.[46]  tested  
nine  aromatic  hydrocarbons  as  carbon  precursors  to  synthesize  CNTs  and  proposed  that  
sp2  species  C2H3/C2H4  were  the  efficient  precursors  for  SWCNT  growth.  However,  their  
conclusion  was  surmised  from  characterization  results  (resonance  Raman  spectra  and  
optical  absorption  spectra)  without  direct  evidence  on  identification  of  the  efficient  
species,  which  reduced  the  confidence  level.  In  contrast  to  Shukla’s  conclusion,  Zhong  et  
al.[47]  identified  acetylene  as  the  main  carbon  precursor  for  SWCNTs,  summarizing  
from  the  mass  spectrum  of  output  gas  species.  Using  molecular  beams  of  precursor  
molecules,  Eres  et  al.[30]  came  to  a  similar  conclusion  and  identified  acetylene  as  the  
direct  carbon  source  to  form  CNT  structure.  Through  GC  analysis,  Sugime  et  al.[8]  
noticed  that  C2H2  was  the  only  carbon-­‐‑containing  species  that  increased  with  the  pre-­‐‑
thermal  treatment  temperature  of  C2H5OH  in  their  cold  wall  reaction  system.    
Secondly,  small  additions  of  selected  gases  could  lead  to  a  big  difference  in  CNT  
growth.  Plata  et  al.[34]  added  trace  amounts  of  alkynes  to  the  feedstock  gases  and  found  
that  the  presence  of  alkynes  accelerated  MWCNT  formation.  The  conserved  accelerating  
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effect  among  all  alkynes  suggested  a  polymerization  CNT  growth  mechanism,  in  which  
the  alkyne  species  were  intact  rather  than  cleaved  into  individual  C  atoms.  Xiang  et  
al.[48]  observed  the  accelerating  effects  of  a  small  amount  of  acetylene  when  using  
ethanol  as  feedstock.  Moreover,  they  mentioned  that  pure  acetylene  without  dilution  
could  result  in  negative  effects.  Chen  et  al.[49]  demonstrated  that  a  trace  amount  of  CH4  
could  assist  the  SWCNT  growth  when  using  C2H2  as  feedstock.  They  proposed  that  the  
addition  of  CH4  could  keep  Fe  particles  small  and  dense  in  the  annealing  phase  and  
prevent  Fe  particles  from  aggregating  in  the  growth  phase.  Zhang  et  al.[19]  reported  an  
ethanol-­‐‑assisted  CNT  growth  and,  specifically,  few-­‐‑walled  CNTs  were  produced  in  their  
experiments.  
These  various  experimental  findings  emphasized  the  complexity  of  gas  
compositions.  When  oxygen  is  introduced  into  the  reaction  system,  the  gas  phase  
composition  becomes  more  complex,  as  many  more  reaction  pathways  become  available.  
In  order  to  clarify  the  CNT  growth  mechanism  and  the  role  of  oxygen  in  CNT  growth,  
systematic  gas  composition  analysis  is  extremely  important.  
In  my  research,  I  assembled  MANGO-­‐‑TANGO  (Mass  flow  controller  Array  for  
Nanostructure  Growth  Optimization-­‐‑Table-­‐‑top  Apparatus  for  Nanostructure  Growth  
Optimization),  which  is  a  CVD  reactor  specifically  designed  for  research  on  CNT  growth  
mechanism.  Coupling  MANGO-­‐‑TANGO  with  downstream  gas  composition  analysis,  I  
seek  to  clarify  the  role  of  oxygen  in  CNT  synthesis.  Two  typical  and  promising  CVD  
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processes,  generating  MWCNTs  and  SWCNTs  respectively,  were  studied  in  my  thesis.  
The  reported  equimolar  C2H2-­‐‑CO2  reaction  could  deposit  MWCNTs  on  various  
substrates  and  at  relatively  low  temperature[16].  The  water-­‐‑assisted  CVD  process  could  
obtain  dense,  high-­‐‑purity,  and  millimeter-­‐‑scale  CNTs,  which  is  promising  for  mass  
production  of  aligned  SWCNTs[13].  
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2. MANGO-TANGO Assembly 
Because  of  the  complex  reaction  process  and  various  parameters  on  the  CNT  
growth  (i.e.,  thermal  treatment  of  gas  and  catalyst  are  coupled  in  a  hot  wall  reactor;  gas  
phase  reactions  along  the  tube  axis  result  in  a  distinct  gas  composition  at  every  point  
along  the  tube  axis,  resulting  in  highly  variable  growth  regimes  that  are  both  hard  to  
measure  and  hard  to  predict),  clarifying  the  hidden  CNT  growth  mechanism  seems  
impossible  using  the  normal  hot  wall  tube  furnace  reactor.  A  more  precisely  controlled  
CNT  growth  apparatus  is  required  to  approach  into  the  hidden  mechanism.  Capability  
to  incorporate  in  situ  characterization  equipment  is  also  crucial  for  this  reactor.  The  
module  MANGO-­‐‑TANGO  is  designed  to  meet  these  strict  requirements,  specially  
designed  to  shed  light  on  carbon  nanotube  growth  mechanism.    
MANGO-­‐‑TANGO  system  was  designed  by  Dr.  Stephen  Alan  Steiner  III  and  Dr.  
Desiree  Plata  in  the  Department  of  Aeronautics  and  Astronautics  at  Massachusetts  
Institute  of  Technology[50].    
All  stainless  steel  tubing  and  all-­‐‑quartz  reactor  keep  system  polymer-­‐‑free,  which  
are  designed  to  eliminate  the  interference  of  moisture  and  adsorption  of  gases  onto  the  
tubing.  Integrated  software  (Ansari)  programs  all  of  the  mass  flow  controllers  
simultaneously.  One  MANGO  box  supports  four  mass  flow  controllers.  Module  
designed  MANGO  can  daisychain  with  other  MANGOs  to  support  up  to  twelve  
extended  mass  flow  controllers  (in  our  lab)  when  more  than  four  gases  are  required.  
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Each  mass  flow  controller  is  fitted  with  two  separately  addressed  solenoid  valves  to  lead  
its  output  flow  into  different  pathways.  The  quartz  tubing  setting  on  the  tube  furnace  
can  act  as  preheater  or  hot-­‐‑wall  reactor.  The  all-­‐‑quartz  TANGO  is  a  cold-­‐‑wall  reactor.  
The  TANGO’s  plate  transparent  roof  makes  it  possible  to  incorporate  a  laser  
displacement  sensor  to  monitor  the  CNT  forest  height  in  real  time  or  other  optical  
interrogation  techniques.    
2.1 Mass flow controller 
One  pair  of  IEC  power  entry  module  (Schurter,  DF12)  and  power  exit  module  
(Schurter,  4787),  one  24VDC/5VDC  switching  power  supply  (Digikey,  102-­‐‑2009-­‐‑ND),  
two  LED  driver  circuit  boards  (Express  PCB,  custom),  two  panel-­‐‑mount  LED  boards  
(Express  PCB,  custom),  two  lid-­‐‑mounting  combination  data  acquisition  boards  (Express  
PCB,  custom  Aalborg-­‐‑Aalborg  MFC/DAQ  lid  mount  mainboard),  two  lid-­‐‑mounting  
solid  state  relay  boards  (Express  PCB,  custom),  one  central  5A  ten-­‐‑port  USB  hub  
(Compact,  CIC-­‐‑990001)  with  one  standard  USB  type  B  female  data  entry  (Trinet  USA,  
U09-­‐‑AF-­‐‑BF)  and  male  data  exit  entry  (L-­‐‑Com,  UPMBA-­‐‑03M),  four  toggle  switches  
(RadioShack,  275-­‐‑634),  and  four  micro-­‐‑OLED  screens  (4D  Systems,  uOLED-­‐‑96-­‐‑G2)  were  
assembled  in  one  on-­‐‑demand-­‐‑manufactured  hinged  aluminum  chassis  (Protocase,  
custom)  to  monitor  and  control  the  flow  rate  of  four  gases[50].  Figure  1  presents  the  
block  diagram  of  MANGO.  Figure  2  shows  the  outside  and  inside  view  of  MANGO.  
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Figure  1:  Current  and  data  flow  diagram  in  MANGO  (adapted  from  the  
MANGO  assembly  and  set  up  guide,  Aerogel  Technologies,  LLC)  
The  Ansari  terminal  control  software  (Aerogel  TechnologiesTM  AnsariTM)  controls  
the  Aalborg  mass  flow  controller  (Aalborg,  GFC17S-­‐‑VADN4-­‐‑C0A,  setting  on  the  top  of  
the  aluminum  chassis)  through  sending  a  0-­‐‑5VDC  signal  to  set  the  flow  rate  and  
receiving  the  feedback  signal  to  measure  actual  flow  rate.  Our  lab’s  MANGO  system  is  
currently  controlling  4  gases  (listed  in  Table  1).  
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Figure  2:  The  outside  and  inside  view  of  MANGO  chassis  ((A):  front  view,  
including  microLED  screen,  status  light  and  toggle  switches.  (B):  left-­‐‑hand  view,  
including  power  input,  switch  and  data  input.  (C):  right-­‐‑hand  view,  including  power  
output  and  data  output.  (D):  inside  view.)  
2.2 Gas flow route 
All  influent  gases  (Table  1),  passing  each  regulator,  went  through  the  stainless  
steel  tubing  (Swagelok,  SS-­‐‑TA-­‐‑S-­‐‑065-­‐‑6ME)  into  the  inlet  of  Aalborg  mass  flow  controllers  
(Figure  3A).  
Table  1:  List  of  gas  composition  and  flow  range  for  mass  flow  controller  on  
MANGO  
Gas  Composition   Flow  Range   Regulator  model  
Hydrogen   0-­‐‑1000  sccm   CGA  350  
Argon     0-­‐‑1000  sccm   CGA  580  
Carbon  Dioxide   0-­‐‑100  sccm   CGA  320  
10%  Acetylene  in  Argon   0-­‐‑1000  sccm   CGA  580  
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The  stackable  solenoid  valve  (Spartan  Scientific,  3900-­‐‑00-­‐‑9223)  was  connected  
with  the  end  of  Aalborg  mass  flow  controller  through  Swagelok  90  reducing  elbow  
(Swagelok,  SS-­‐‑400-­‐‑2R-­‐‑4).  Figure  3B  presents  the  connection  from  outlet  mass  flow  
controller  to  metal  hose.  
  
Figure  3:  (A)  is  the  connection  before  Aalborg  mass  flow  controller  (gas  tank,  
regulator  and  Swagelok  stainless  steel  tubing).  (B)  is  the  connection  after  Aalborg  
mass  flow  controller  (Swagelok  90  reducing  elbow,  stackable  solenoid  valves,  dual-­‐‑
manifold)  
2.3 Hot wall reactor configuration 
The  quartz  tubing  (Technical  Glass  Products,  clear  fused  quartz  tube  22  mm  ID  x  
25  mm  OD  x  24  inch  long)  and  tube  furnace  (Lindberg,  Blue  M  Minimite)  were  
combined  to  be  the  hot  wall  CVD  reactor  (Figure  4).  The  tube  furnace  could  be  set  up  to  
reach  temperatures  of  1100  °C.  Small  square  pieces  of  silicon  wafer  (with  1  nm  Fe  and  10  
nm  Al2O3  being  deposited  on  it[51])  are  put  in  the  center  of  the  quartz  tubing  as  catalysts.  
When  supplied  with  carbon  precursors,  the  catalyst  on  the  wafer  could  initiate  carbon  
nanotube  deposition  at  elevated  temperature  (e.g.  above  450  °C).  
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Figure  4:  The  configuration  of  hot-­‐‑wall  reactor  ((A)  is  the  connection  from  
solenoid  valve  to  metal  hose.  (B)  is  the  connection  from  metal  hose  to  quartz  tubing.  
(C)  is  the  tube  furnace  and  quartz  tubing.  (D)  is  the  bubbler.)  
The  quartz  tubing  was  connected  to  a  quick  coupling  (Ideal  Vacuum  Products,  
P103776)  and  a  centering  ring  (Ideal  Vacuum  Products,  P101244).  Connecting  an  adapter  
flange  KF-­‐‑40  to  quarter-­‐‑inch  Swagelok  (Ideal  Vacuum  Products,  P101611)  by  a  hinge  
clamp  KF-­‐‑40  vacuum  fitting  (Ideal  Vacuum  Products,  P101200),  the  quick  coupling  was  
able  to  connect  with  the  Swagelok  FJ  metal  hose  (Swagelok,  SS-­‐‑FJ4TA4TA4-­‐‑24).  The  
front  end  Swagelok  FJ  metal  hose  was  the  influent  gas  flow  from  solenoid  valves.  The  
back  end  Swagelok  FJ  metal  hose  was  directed  to  the  Ace  mineral  oil  bubbler  (Sigma-­‐‑
Aldrich,  Z126128),  which  served  2  purposes:  to  filter  effluent  and  to  indicate  gas  flow  
visually  when  the  system  is  well  sealed.  
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2.4 Cold wall reactor configuration 
The  TANGO  all-­‐‑quartz  cold-­‐‑wall  reactor  (G.  Finkenbeiner  Inc,  custom,  Figure  5  
and  6)  was  designed  to  prevent  the  reaction  intermediates  generation  from  thermal  
treatment.  One  heatpad  (Micropyretics  Heaters  International,  HeatPadTM  maximum  
voltage  10V,  maximum  current  14  Amps)  with  a  2-­‐‑inch  diameter  hot  zone  is  placed  in  
the  rectangular  tunnel  designed  on  the  all-­‐‑quartz  reactor.  When  the  silicon  wafer  
containing  catalysts  is  placed  on  the  corresponding  area  of  the  hot  zone  on  the  reactor,  
the  heatpad  can  provide  up  to  850  °C  to  the  wafer.  The  temperature  is  measured  and  
controlled  mainly  by  fiber  optic  infrared  temperature  measurement  and  control  system  
from  Omega  Engineering  (Omega  Engineering  Inc,  IR2P-­‐‑300-­‐‑53-­‐‑C24).    
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Figure  5:  TANGO  reactor  design  draw  and  dimensions  (adapted  from  Steiner  
2012[50])  
  
Figure  6:  All  quartz  TANGO  reactor  (A  front  view,  B  side  view,  C  top  view)  
The  detailed  temperature  measurement  and  control  mechanism  is  described  
below  (Figure  7).  The  substrate  temperature  is  measured  by  the  optic  pyrometer.  The  
machine  will  send  a  0-­‐‑5  V  proportional  signal  based  on  the  discrepancy  between  
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measured  temperature  and  set  point  to  a  phase-­‐‑angle-­‐‑fired  single  phase  silicon  
controlled  rectifier  (single  phase  SCR).  The  single  phase  SCR  (Control  Concepts  Inc,  
1032A-­‐‑V-­‐‑12-­‐‑10-­‐‑0/5VDC)  determines  the  current  and  voltage  from  AC  power  to  a  130-­‐‑W  
10V  transformer  (Triad  Magnetics,  VPS10-­‐‑13000),  which  finally  provides  power  to  the  
heatpad.    
  
Figure  7:  Temperature  feed  back  control  system  
Since  only  the  point  of  the  substrates  is  heated,  the  cold  wall  reactor  can  
minimize  the  generation  of  reaction  intermediates  during  the  thermal  treatment,  helping  
ensure  that  the  final  feedstock  incorporating  into  the  nanotubes  is  as  consistent  as  
possible  with  the  provided  influent  gas  composition.    
Dual  pathways  from  each  gas  flow  route  can  accomplish  operating  hot  wall  and  
cold  wall  reaction  simultaneously.  The  successful  assembly  of  MANGO-­‐‑TANGO  in  our  
lab  helped  me  investigate  the  reaction  of  C2H2-­‐‑CO2  to  synthesize  CNTs.    
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3. Carbon Incorporation in C2H2-CO2 Reaction 
There  is  a  continuous  desire  to  lower  the  CNT  growth  temperature  both  from  the  
industrial  production  cost  aspect  and  from  environmental  protection  aspect[17].  
Acetylene  requires  relatively  lower  temperature  compared  with  other  broadly  used  
hydrocarbons  (e.g.,  methane  and  ethylene).  According  to  molecular  beam  data  by  Eres  et  
al.[30]  and  the  cold-­‐‑wall  reactor  data  by  Zhong  et  al.[47],  acetylene  was  identified  as  the  
key  precursor  for  CNT  forest  growth,  implying  higher  efficiency  can  be  obtained  by  
using  acetylene  as  initial  carbon  precursor.  Additive  or  etching  gas  (e.g.,  water  or  carbon  
dioxide)  was  also  used  to  facilitate  CNT  growth  efficiency[17],  but  the  mechanism  for  
this  is  poorly  understood.  Normally,  hydrocarbon  species,  etching  gas,  and  reduction  
gas  are  combined  into  the  influent  gas  phase  compositions  in  CNT  growth  process.  
However,  all  of  the  conditions  to  obtain  high  yield,  high  purity  CNTs  are  based  on  
empirical  optimizations.    
Traditionally,  generating  CNTs  from  acetylene  is  described  as  the  thermal  
decomposition  of  acetylene[36].  Magrez  et  al.[14,  16,  17]  found  CO2  addition  promoted  
the  conversion  from  C2H2  to  CNTs,  and  discovered  that  when  the  atomic  ratio  of  C2H2  to  
CO2  was  1:1,  highest  CNT  yield  was  achieved.  The  interesting  reaction  can  be  realized  at  
low  temperature  and  CNTs  can  be  deposited  on  various  functional  materials,  making  
CNT  growth  easy  and  flexible  to  operate.  The  unique  property  of  the  equimolar  C2H2-­‐‑
CO2  reaction  makes  it  promising  for  industrial  application.  Magrez  et  al.[16]  described  
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this  equimolar  C2H2-­‐‑CO2  reaction  as  oxidative  dehydrogenation  reaction,  implying  that  
the  oxygen  species  in  carbon  dioxide  play  the  critical  role  in  the  promotion.  However,  no  
satisfactory  electron-­‐‑pushing  mechanism  was  provided.  The  interaction  between  C2H2  
and  CO2  may  be  more  than  the  oxidation.  The  carbon  atom  in  CO2  may  also  influence  
the  growth  of  CNTs.    
There  are  two  hypotheses  for  the  role  of  CO2  in  this  reaction.  If  the  carbon  atom  
in  CO2  participates  the  synthesis  of  CNTs,  CO2  reduction  and  CNT  synthesis  are  
completed  simultaneously.  Providing  a  net  sink  for  CO2  via  CO2  utilization  (i.e.,  
converting  CO2  into  useful  solid  or  liquid  products)  is  a  hot  topic  in  recent  decades  
because  of  the  increasing  concerns  regarding  global  warming.  CNTs  are  good  
candidates  when  thinking  about  converting  CO2  into  value-­‐‑added  products.    However,  
most  CNTs  derived  directly  from  this  carbon  source  are  of  either  low  yield  or  poor  
quality[52].  If  CO2  in  this  C2H2-­‐‑CO2  reaction  can  be  converted  into  CNTs,  it  will  be  a  
great  exploration  for  CO2  utilization.  Another  hypothesis  is  that  CO2  stabilizes  the  C2H2  
and  helps  C2H2  decomposition.  Since  C2H2  has  been  identified  as  the  direct  carbon  
precursor  incorporating  into  the  nanotube  edge,  the  stabilization  and  dehydrogenation  
role  of  CO2  on  C2H2  may  improve  the  efficiency  of  C2H2.  
3.1 Equimolar C2H2-CO2 reaction in MANGO-TANGO 
Different  growth  temperature  reactions  of  C2H2-­‐‑CO2  were  conducted  on  the  hot  
wall  reactor  of  MANGO-­‐‑TANGO.  From  650  oC  to  770  oC,  CNT  growth  experiments  were  
    22  
conducted  every  20  oC.    The  Raman  spectra  (Horiba  Jobin  Yvon  LabRam  ARAMIS  at  633  
nm  laser  excitation)  are  presented  to  analyze  the  CNTs  yielded  at  different  temperature  
(Figure  8).  The  obvious  peak  at  around  520  cm-­‐‑1  was  the  characteristic  mode  of  silicon  
oxide,  which  was  the  substrate  material  of  catalysts.  When  the  temperature  was  above  
690  oC,  this  peak  disappeared,  demonstrating  that  the  quantity  of  CNTs  produced  was  
sufficient  to  cover  the  surface  of  silicon  wafer.  The  so-­‐‑called  D-­‐‑band  (around  1320  cm-­‐‑1)  
and  G-­‐‑band  (around  1600  cm-­‐‑1)  were  two  characteristic  bands  for  CNTs.  G-­‐‑band  is  
characteristic  of  the  sp2  hybridization,  which  is  the  feature  of  graphitic  layers,  while  D-­‐‑
band  is  characteristic  of  the  sp3  hybridization,  which  is  the  sign  for  amorphous  carbons  
(i.e.,  defects  or  disordered  material).  The  Raman  spectra  of  samples  at  710  oC  to  770  oC  
seemed  similar  and  their  mode  demonstrated  a  typical  pattern  of  MWCNTs,  which  
could  be  further  proved  by  TEM  images.  
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Figure  8:  Raman  spectra  of  CNTs  on  silicon  wafer  at  650  oC  to  770  oC  
SEM  (FEI  XL30  SEM-­‐‑FEG)  imaging  was  used  to  measure  the  height  of  the  
vertically  aligned  CNT  film.  The  SEM  images  of  samples  at  690  oC  to  770  oC  are  
presented  below  (Figure  9).    
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Figure  9:  SEM  images  of  CNTs  at  690  oC  to  770  oC  
At  710  oC  to  750  oC,  the  synthesized  CNTs  were  obvious.  The  height  of  the  CNTs  
was  measured  at  7  randomly  chosen  places  on  each  image,  and  the  highest  height  was  
found  at  730  oC,  which  was  approximately  26  µμm  (Figure  10).    
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Figure  10:  Measured  CNTs  height  at  690  oC  to  770  oC  
TEM  (FEI  Tecnai  G2  Twin,  operated  at  200  kV)  images    (Figure  11)  of  710  oC  
sample  proved  the  synthesized  CNTs  were  MWCNTs,  even  though  some  amorphous  
carbons  appeared  on  the  edges  of  the  tubes.    
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Figure  11:  TEM  images  of  CNTs  at  710  oC  
From  these  preliminary  studies  of  equimolar  C2H2-­‐‑CO2  reaction  in  MANGO-­‐‑
TANGO,  I  chose  the  following  recipe  for  further  mechanism  studies.  400  sccm  H2  and  
100  sccm  Ar  were  used  for  the  annealing  phase.  Once  the  reactor  temperature  reached  
710  oC,  turned  into  200  sccm  10%  C2H2  in  Ar  and  20  sccm  CO2  to  enable  CNT  growth.    
3.2 Isotopic study on C2H2-CO2 reaction  
Our  group’s  previous  study  on  the  13C  isotope  ratio  of  this  C2H2-­‐‑CO2  proved  the  
necessity  of  employing  the  isotope  label  technique  to  clarify  the  hidden  reaction  
mechanism.  Figure  12  presents  the  gas  composition  and  their  isotope  ratio  before  and  
after  the  reaction  in  hot  wall  reactor.  The  “δ13C  “  means  the  13C  /12C  content  of  each  
composition  relative  to  the  13C/12C  of  international  standard  Vienna  Pee  Dee  Belemnite  
(VPDB)  as  δ 13C ‰( ) =
13C / 12C( )sample - 13C / 12C( )VPDB
13C / 12C( )VPDB
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
×1000 .  Obviously  found  in  the  
graph,  the  13C  isotope  ratio  in  C2H2  was  too  close  to  that  in  CO2,  increasing  the  difficulty  
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to  monitor  the  reaction  mechanism  from  normal  C2H2  or  CO2.  13C  isotope  labeling  can  
magnify  this  difference  and  obviously  present  the  hidden  mechanism  through  the  
isotope  ratio  change  during  the  reaction.    
  
Figure  12:  13C  isotope  ratio  of  gas  compositions  (before  and  post  reactor)  and  
synthesized  CNTs  
In  order  to  uncover  the  carbon  incorporation  mechanism  in  C2H2-­‐‑CO2  synthesis  
of  CNTs,  13C-­‐‑labeled  CO2  was  used  as  feedstock  besides  normal  12CO2.  Choosing  to  label  
CO2  instead  of  C2H2  is  based  on  two  concerns:  1)  CO2  is  more  stable  than  C2H2  at  high  
temperature,  preventing  13C  shift  into  other  species;  2)  the  sink  of  the  carbon  atom  in  
CO2  can  be  monitored  directly.    
Five  parallel  experiments  were  conducted  to  compare  with  each  other  
(conditions  are  listed  in  Table  2).  During  each  reaction,  stainless-­‐‑steel  gas  canisters  were  
placed  downstream  of  the  reactor  quartz  tubing[43,  53]  to  collect  the  effluent  volatile  
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components.  Considering  the  flow  rate  of  the  gases,  we  allowed  the  effluent  gases  to  go  
through  the  stainless-­‐‑steel  canisters  at  least  3  times  the  residence  time  of  the  canisters.  
After  gas  collection,  these  canisters  were  sealed  by  stainless-­‐‑steel  ball  valves,  preparing  
for  analysis  by  gas  chromatography  (GC)  with  flame  ionization  detector  (FID),  thermal  
conductivity  detector  (TCD),  or  isotope  ratio  mass  spectrometry  (IRMS).  
Table  2:  Five  parallel  experiments  conditions  
   C2H2   CO2   Heat   Catalyst  
1   Yes   No   No   No  
2   No   Yes   No   No  
3   Yes   Yes   No   No  
4   Yes   Yes   Yes   No  
5   Yes   Yes   Yes   Yes  
3.3 Results and discussion of preliminary study 
3.3.1 Raman shift  
A  statistical  study  on  the  defect-­‐‑induced  D-­‐‑band  and  the  graphite-­‐‑like  G-­‐‑band  
peaks  in  the  Raman  spectra  was  conducted  in  order  to  compare  the  Raman  shift  of  the  
CNTs  grown  in  12CO2  ambient  and  CNTs  grown  in  13CO2  ambient.  I  randomly  chose  20  
positions  in  the  CNT  films  deposited  on  the  silicon  wafer  and  obtained  each  Raman  
spectra  (Figure  13).  Thus,  for  both  CNTs  grown  in  12CO2  ambient  and  CNTs  grown  in  
13CO2  ambient,  20  Raman  spectra  were  obtained.  The  peak  positions  of  D-­‐‑band  and  G-­‐‑
band  in  each  Raman  spectra  were  recorded.  The  average  value  and  standard  deviation  
of  these  peaks  were  calculated  (Table  3).    
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Figure  13:  Raman  spectra  of  CNTs  grown  in  12CO2  ambient  (A)  and  CNTs  
grown  in  13CO2  ambient  (B).  Each  sample  was  measured  20  times  
Table  3:  Statistical  study  of  Raman  spectra  for  CNTs  grown  in  12CO2  ambient  and  
13CO2  ambient  
   12CO2-­‐‑CNTs   13CO2-­‐‑CNTs  
   D-­‐‑band  
peak/cm-­‐‑1  
G-­‐‑band  
peak/cm-­‐‑1  
D-­‐‑band  
peak/cm-­‐‑1  
G-­‐‑band  
peak/cm-­‐‑1  
Average   1322.6   1594.7   1322.3   1593.7  
Standard  
deviation  
2.7   3.6   3.8   4.5  
Raman  spectroscopy  was  used  to  detect  the  isotope  substitution  in  CNTs  since  
isotope  substitution  could  cause  the  change  in  atomic  mass  and  physical  properties.  
When  13C  is  enriched  in  CNT  samples,  a  frequency  shift  has  been  observed  in  previous  
studies[24,  54,  55].  In  Costa  et  al.’s  work[56],  for  the  13C-­‐‑enriched  SWCNTs,  52  cm-­‐‑1  and  
61  cm-­‐‑1  frequency  downshifts  for  the  D-­‐‑band  and  G-­‐‑band,  were  observed,  respectively,  
as  compared  with  CNTs  containing  0%  13C.  
From  the  statistical  study  of  the  Raman  spectra  of  our  samples,  frequency  
downshift  was  not  observed  for  neither  D-­‐‑band  nor  G-­‐‑band,  demonstrating  that  little  13C  
was  incorporated  into  CNTs.  The  phenomenon  indicated  that  CO2  didn’t  serve  as  carbon  
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precursor  for  CNTs  in  the  equimolar  C2H2-­‐‑CO2  reaction.  In  order  to  further  verify  this  
conclusion  and  confirm  the  oxidative  dehydrogenation  hypothesis,  an  in-­‐‑depth  study  of  
the  gas  phase  composition  and  isotope  ratio  analysis  is  necessary.  
3.3.2 Gas phase composition and isotope ratio analysis 
Two  stainless-­‐‑steel  300-­‐‑mL  or  150-­‐‑mL  gas  canisters  were  placed  downstream  the  
reactor  in  series  (Figure14).  Collection  conditions  for  each  gas  (gas  flow  rate,  collection  
time)  are  listed  in  Table  4.  After  collection,  the  stainless-­‐‑steel  ball  valves  at  the  ends  of  
gas  canisters  were  sealed  with  caps.  
  
Figure  14:  Downstream  gas  collection  setup  (The  bypass  valve  were  used  to  
vent  the  system  when  not  collecting  sample)  
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Table  4:  Gas  sample  collection  conditions  
Sample  
name  
CO2  flow  
rate/sccm  
10%  C2H2  in  
Ar  flow  
rate/sccm  
Ar  flow  
rate/sccm  
Collection  
operation  
time/min  
Supplementary  
information  
1   0   200   20   5     
2   20   0   200   5     
3   20   200   0   5     
4   20   200   0   5   710  oC  
5   20   200   0   5   710  oC,  CNT  
growth  
  
  
Figure  15:  GC-­‐‑FID  measured  gas  compositions  in  each  collection  conditions  
(refer  to  Table  4)  
GC-­‐‑FID  was  employed  to  detect  the  appearance  and  concentrations  of  the  trace-­‐‑
amount  light  hydrocarbons  (Figure  15).  At  room  temperature,  ethylene  was  proved  
existing  in  major  precursor  acetylene.  At  710  oC,  methane,  methylacetylene,  and  
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vinylacetylene  were  generated.  When  CNT  growth  happened,  the  concentrations  of  
methylacetylene  and  vinylacetylene  decreased,  which  might  indicate  these  alkynes  
incorporated  into  CNTs.  Moreover,  the  concentrations  of  methane  and  ethylene  
increased,  which  might  serve  as  sinks  of  the  hydrogen  atoms  that  acetylene  must  
liberate  in  order  to  become  CNTs.    
For  isotope  ratio  analysis,  these  gas  cylinders  were  shipped  to  Isotech  
Laboratories,  Inc.  However,  their  equipment  could  not  analyze  the  samples  since  the  
samples  were  enriched  with  13C,  which  was  well  beyond  natural  abundance  level  
(+186000‰  vs.  VPDB).  This  factor  delayed  the  process  of  this  project.  I  am  still  exploring  
possible  methods  to  analyze  13C-­‐‑enriched  samples.  
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3.4 Future work 
  
Figure  16:  Proposed  carbon  incorporation  mechanism  in  equimolar  C2H2-­‐‑CO2  
reaction  
Combining  the  Magrez  et  al.[14]’s  evidence  on  the  equimolar  C2H2-­‐‑CO2  reaction  
and  my  preliminary  conclusion  that  CO2  doesn’t  incorporate  into  CNTs  from  statistical  
study  of  Raman  spectra  of  the  CNTs  grown  in  13CO2  ambient,  I  proposed  a  carbon  
incorporation  process  for  the  C2H2-­‐‑CO2  reaction(Figure  16).  This  mechanism  is  built  on  
Plata  et  al.[34]’s  polymerization-­‐‑like  formation  theory  for  alkynes.  The  role  of  CO2  is  
described  as  the  promoter  to  help  C2H2  getting  rid  of  its  hydrogen  atom,  which  Plata  
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could  not  reconcile  initially.  Further  studies  on  the  gas  phase  compositions  during  CNTs  
growth  should  provide  more  robust  evidence  for  this  mechanism.  
Due  to  current  adversity  of  measuring  isotope  enriched  gas  compositions,  I  
would  change  my  plan  to  distinguish  the  C  in  CO2  and  C2H2.  Instead  of  using  13C-­‐‑
labeled  CO2,  the  CO2  with  δ13C~-­‐‑60‰,  which  could  be  obtained  by  complete  combustion  
of  CH4,  would  be  used  as  input  gas  in  order  to  achieve  the  goal  to  distinguish  the  C  in  
C2H2  and  that  in  CO2  from  isotope  ratio  perspective.  In  order  to  demonstrate  that  the  
oxygen  could  grasp  the  hydrogen  from  the  CNT  lattice,  isotope  label  hydrogen  might  be  
employed.  If  the  gas  phase  products  contain  water  and  water  obtains  the  
deuterohydrogen,  the  proposed  mechanism  could  be  confirmed.
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4. Water-assisted carbon nanotube synthesis 
In  2004,  Hata  et  al.[13]  reported  an  efficient  synthesis  method  to  produce  
SWCNTs,  which  is  the  water-­‐‑assisted  synthesis  method.  With  trace  amounts  of  water  
addition,  pure  high-­‐‑quality  SWCNTs  could  be  synthesized,  and  the  limitation  of  short  
height  could  be  overcome.  In  Hata  et  al.[13]’s  paper,  the  SWCNT  nanotube  forest  grew  
to  2.5  mm  in  10  min  growth.  The  water  was  assumed  to  enhance  the  catalyst  activity  and  
extend  its  lifetime.  Through  a  quantitative  time-­‐‑evolution  analysis  of  the  yielded  CNT  
height  based  on  a  similar  radioactive  decay  model,  Futaba  et  al.[41]  studied  the  kinetics  
of  the  water-­‐‑assisted  CNT  synthesis.  Their  quantitative  analysis  of  the  initial  growth  rate  
and  the  catalyst  lifetime  further  proved  the  promoting  effect  of  water  on  catalyst  activity.  
They  further  quantitatively  derived  the  expression  to  calculate  catalyst  activity  and  
proposed  that  about  84%  of  the  catalyst  activity  was  achieved  in  their  experiments,  
which  were  done  without  growth  optimization[57].  They  even  confidently  predicted  
that  the  catalyst  activity  could  reach  100%  with  suitable  tuning  of  the  water-­‐‑assisted  
growth.  The  simplicity  of  the  water-­‐‑assisted  CNT  synthesis  process  makes  it  efficient  for  
industrial  scale  production  of  CNTs.  Along  with  the  approaches  to  control  CNT  
diameter  by  tuning  catalysts  size[58,  59]  and  to  control  CNT  shape  by  tuning  fabrication  
process[60],  the  water-­‐‑assisted  CNT  synthesis  method  could  produce  high-­‐‑purity  CNTs  
with  controlled  both  microscopic  and  macroscopic  properties  for  direct  applications  in  
importance  areas.    
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Even  though  the  water-­‐‑assisted  process  is  reported  to  yield  dense  high-­‐‑purity  
SWCNTs  and  has  been  used  for  mass  production  of  SWCNTs,  the  role  of  water  in  the  
reaction  process  is  still  not  fully  understood.  The  efficiency  of  this  synthesis  method  was  
supposed  to  attribute  to  water’s  effect  on  catalyst  activity  and  lifetime.  Yamada  et  al.[42]  
studied  the  interaction  between  water  and  catalysts  through  microscopic  observations  of  
the  catalysts.  Their  results  demonstrated  that  water  could  reactivate  the  catalysts  and  the  
catalyst  activity  was  greatly  improved  by  the  reaction  process.  High  catalyst  activity,  
long  catalyst  lifetime  and  high  grow  rate  guaranteed  the  water-­‐‑assisted  synthesis  
method  could  yield  mass  production.  By  studying  the  catalyst  microscopic  morphology  
with  and  without  water  during  thermal  annealing  process,  Amama  et  al.[29]  explained  
the  inhibition  effect  of  on  water  Ostwald  ripening,  which  prevented  CNT  growth  
termination.  They  proposed  that  the  oxygen  or  hydroxyl  species  generated  from  water  
decomposition  could  limit  the  migration  or  diffusion  of  catalyst  atoms  and  stabilized  the  
small  active  catalyst  particles.  However,  these  explanations  could  not  successfully  
explain  the  decrease  in  CNT  yield  when  water  is  overload.    
With  the  explorations  on  the  gas  phase  intermediate,  the  complexity  of  the  gas  
phase  reaction  was  currently  emphasized[43,  61].  Besides  the  water  effect  on  catalyst  
activity  and  lifetime,  water  addition  might  influence  the  gas  phase  composition  in  the  
growth  reactor.  Through  gas  specific  analysis  techniques,  I  am  trying  shed  light  on  the  
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effects  of  water  addition  on  gas  phase  composition  and  corresponding  influences  on  
yielded  CNTs.    
4.1 Experiment methods 
Different  levels  of  water  addition  were  conducted  in  hot  wall  CVD  reactor.  The  
catalyst  consisted  of  10  nm  Al2O3  and  1  nm  Fe  were  deposited  on  Si  wafers  by  electron  
beam  evaporation[51].  The  moisture  was  monitored  with  a  Dewpoint  Hygrometer[19],  
the  reading  of  which  could  be  converted  to  the  water  content  in  gas  phase.  To  generate  
water,  0.5%  O2  in  He  was  used  to  react  with  H2.  For  a  typical  growth,  1000  sccm  He  was  
firstly  flushed  10  min  during  the  temperature  ramping  up  to  775  oC,  then  400  sccm  H2  
and  varied  flow  rate  of  He/O2  (the  He  flow  rate  was  changed  to  a  suitable  value  to  
balance  the  total  He  flow  up  into  100  sccm)  was  injected  into  the  system  for  10  min.  Then,  
we  waited  for  the  Dewpoint  Hygrometer  reading  stable  and  subsequently  turned  the  H2  
flow  rate  into  100  sccm  and  injected  100  sccm  C2H4  for  15  min  CNT  growth.  Individual  
water  vapor  levels  of  10  ppm,  60  ppm,  120  ppm,  180  ppm,  and  220  ppm  were  
investigated.  The  gas  samples  were  collected  at  both  annealing  phase  and  the  growth  
phase  through  putting  the  300-­‐‑mL  stainless  steel  canister  downstream  the  reactor.  The  
gas  samples  were  analyzed  by  GC-­‐‑FID.  The  catalysts  that  went  through  the  annealing  
phase  were  characterized  by  Atomic  Force  Microscopy(AFM).  The  yielded  CNTs  were  
characterized  by  TEM  and  Raman  spectroscopy.    
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4.2 Results and discussion 
4.2.1 CNT outer diameter distribution 
CNT  outer  diameters  are  usually  reported  to  have  relationship  with  the  catalyst  
particle  sizes[62-­‐‑64].  Here,  the  CNT  outer  diameter  was  quantitatively  studied  by  TEM  
(FEI  Tecnai  G2  Twin,  operated  at  200  kV).  I  chose  80  tubes  in  each  type  of  CNTs  to  
measure  the  average  outer  diameter.  The  CNT  diameter  distribution  and  TEM  images  
are  shown  in  Figure  17  and  Figure  18.  CNTs  grown  with  10  ppm,  60  ppm,  120  ppm,  180  
ppm  and  220  ppm  of  H2O  had  diameters  of  4.8±1.3  nm,  4.5±1.0  nm,  5.5±0.8  nm,  5.9±
1.6  nm,  and  6.4±1.1  nm,  respectively.    
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Figure  17:  Distribution  of  the  CNT  outer  diameter  at  various  H2O  
concentrations  
  
Figure  18:  TEM  images  of  CNTs  grown  at  various  H2O  concentrations.  (A),  10  
ppm;  (B),  60  ppm;  (C),  120  ppm;  (D),  180  ppm;  (E),  220  ppm.  
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Figure  19:  Raman  spectra  of  the  CNTs  grown  at  various  H2O  concentration.  
Figure  A  has  the  Raman  shift  ranging  from  100  to  350  cm-­‐‑1.  Figure  B  has  the  Raman  
shift  ranging  from  1000  to  2000  cm-­‐‑1.  
From  TEM  images  and  the  CNT  diameter  distribution,  we  found  that  the  CNT  
diameters  tended  to  increase  with  H2O  concentration.  Raman  spectra  (Figure  19,  Horiba  
Jobin  Yvon  LabRam  ARAMIS  at  633  nm  laser  excitation)  of  the  CNTs  demonstrated  that  
at  low  H2O  concentration  (10  ppm),  CNTs  tended  to  be  SWCNTs  (as  evidenced  by  the  
presence  of  the  radial  breathing  mode  at  low  wavenumbers).  At  higher  H2O  
concentration,  CNTs  turned  into  MWCNTs.  The  bigger  outer  diameter  of  CNTs  also  
proved  the  increasing  number  of  walls.    
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Figure  20:  AFM  images  of  catalysts  exposed  on  various  H2O  concentrations  in  
annealing  phase  of  CNT  growth.  (A)  is  10  ppm;  (B)  is  60  ppm;  (C)  is  120  ppm;  (D)  is  
180  ppm;  (E)  is  220  ppm.  
A  trend  of  iron  nanoparticles  size  of  increasing  with  H2O  concentration  was  
found  in  AFM  images  of  the  catalysts  in  annealing  phase  (Figure  20).  AFM  images  
explained  the  increasing  CNT  outer  diameter.  At  low  H2O  concentration  (10  ppm  and  60  
ppm),  the  heights  of  catalyst  particles  were  lower  than  that  of  catalyst  particles  
generated  at  high  H2O  concentration  (180  ppm  and  220  ppm).  However,  the  spacing  
between  the  catalyst  particles  at  high  H2O  concentration  (180  ppm  and  220  ppm)  was  
bigger  than  the  catalyst  particles  at  low  H2O  concentration  (10  ppm  and  60  ppm).  The  
height,  size  and  interparticle  spacing  increasing  of  the  catalyst  nanoparticles  indicated  
that  H2O  could  help  catalyst  annealing.  
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4.2.2 CNT alignment yielded at different H2O concentrations  
  
Figure  21:  Typical  side-­‐‑view  of  the  CNTs  in  water-­‐‑assisted  reactions  imaged  by  
SEM  
Figure  21  is  the  typical  side-­‐‑view  of  CNTs  film  in  water-­‐‑assisted  synthesis.  The  
heights  of  CNTs  in  my  experiments  were  all  on  the  order  of  1  mm.  The  CNT  alignment  
was  detected  by  SEM  (Hitachi  S-­‐‑4700  Cold  Cathode  Field  Emission).  Since  CNTs  are  
one-­‐‑dimension  material  with  high  aspect  ratio,  the  character  of  alignment  is  critical  for  
their  applications[65,  66].  From  observing  the  SEM  images  (Figure  22),  we  could  find  
that  the  CNTs  grown  at  low  water  concentrations  (10  ppm,  60  ppm)  were  thinner  than  
the  CNTs  grown  at  high  water  concentrations  (180  ppm,  220  ppm).  The  CNTs  grown  at  
120  ppm  water  had  the  best  order.  When  water  concentration  was  higher  or  lower,  the  
lines  of  CNTs  tended  to  be  in  disorder.  The  CNT  property  of  alignment  could  be  
explained  by  the  spacing  between  catalyst  particles  from  AFM  images,  where  large  
interparticles  spacing  gave  rise  to  poorly  aligned  CNTs.    
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Figure  22:  SEM  images  of  CNTs  grown  in  10  ppm  (A,  F),  60  ppm  (B,  G),  120  
ppm  (C,  H),  180  ppm  (D,  I),  and  220  ppm  (E,  J)  H2O  concentration.  A,  B,  C,  D,  E  have  a  
scale  bar  of  5  µμm.  F,  G,  H,  I,  J  have  a  scale  bar  of  0.5  µμm.  
4.2.3 Gas composition change corresponding to different H2O 
concentration 
The  gas  samples  were  collected  using  stainless  steel  canisters  in  the  downstream  
of  the  reactor  as  described  in  Chapter  3.  The  concentrations  of  light  hydrocarbons  
(alkanes,  alkenes,  and  alkynes)  were  analyzed  by  Agilent  7890A  GC-­‐‑FID.  The  GC  
column  was  a  HP-­‐‑PLOT/Q  with  30  m  length  and  0.32  mm  diameter.  The  FID  
temperature  was  set  at  300  oC.  The  standards  that  have  been  used  and  will  be  used  for  
analysis  are  listed  below  (Table  5).  
Table  5:  Gas  standards  for  GC-­‐‑FID  analysis  
Standards  #   Description  
1   100  ppm  alkanes  (methane,  ethane,  propane,  n-­‐‑butane,  n-­‐‑pentane)  
2   1000  ppm  alkanes  (methane,  ethane,  propane,  n-­‐‑butane,  n-­‐‑pentane)  
3   100  ppm  alkenes  (ethylene,  propylene,  1-­‐‑butene,  1-­‐‑pentene)  
4   1000  ppm  alkenes  (ethylene,  propylene,  1-­‐‑butene,  1-­‐‑pentene)  
5   100ppm  alcohols  (methanol,  ethanol)  
6   1000ppm  alcohols  (methanol,  ethanol)  
7   100ppm  alkynes  (acetylene,  methylacetylene,  vinylacetylene)  
8   1000ppm  alkynes  (acetylene,  methylacetylene,  vinylacetylene)  
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Figure  23:  Detected  light  hydrocarbons  in  different  H2O  concentrations  ((A):  
methane;  (B):  ethane;  (C):  propylene;  (D):  methylacetylene;  (E):  1-­‐‑butene;  (F):  
vinylacetylene.)  
Several  trace-­‐‑amount  hydrocarbons  were  generated  during  the  CNT  growth  
from  the  carbon  feedstock-­‐‑ethylene-­‐‑in  the  experiment  (Figure  23).  The  concentrations  of  
ethane,  propylene,  1-­‐‑butene  and  vinylacetylene  tended  to  decrease  with  the  increase  of  
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H2O  concentration.  Since  these  gas  species  were  the  byproducts  of  main  carbon  
precursor-­‐‑ethylene,  less  generation  might  indicate  more  ethylene  decomposed  into  C.  
Methane  reached  lowest  value  and  methylacetylene  reached  highest  value  at  120  ppm  
H2O.  Correlating  the  gas  composition  results  with  the  alignment  property  of  yielded  
CNTs,  the  appearance  of  methylacetylene  might  be  the  reason  for  the  good  alignment  
because  the  methyl  group  might  lead  the  raw  CNT  lattice  out  of  layer  plane  when  
methylacetylene  were  incorporated  into  CNT  lattice.  
The  concentrations  of  alcohols  and  the  appearance  of  CO2  and  CO  will  be  
detected  by  GC-­‐‑TCD  in  future  work.  By  monitoring  the  concentrations  of  each  gas  
species  at  various  H2O  concentrations,  we  could  be  able  to  identify  the  reactive  groups  
or  the  hindering  groups  for  CNT  growth.  
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5. Conclusions and Future Work 
In  the  thesis,  a  specifically  designed  chemical  vapor  deposition  reactor  
(MANGO-­‐‑TANGO)  has  been  built.  All  stainless  steel  tubing  and  all-­‐‑quartz  reactor  keeps  
the  system  polymer-­‐‑free,  which  could  guarantee  the  gas  composition  analysis  reliable  
working  on  this  reactor.  The  all-­‐‑quartz  cold-­‐‑wall  reactor  (TANGO)’s  plate  transparent  
roof  makes  it  possible  to  incorporate  a  laser  displacement  sensor  to  monitor  the  CNTs  
forest  height  in  real  time  or  other  optical  interrogation  techniques.    
From  the  findings  of  the  thesis,  the  role  of  oxygen  in  CNT  synthesis  could  be  
categorized  into  three  areas:  1)  absorb  and  grasp  the  hydrogen  atoms  in  immature  CNT  
lattice;  2)  influence  the  catalyst  activation;  3)  influence  the  gas  compositions  of  the  
ambient  during  CNT  growth.  Some  conclusions  are  novel,  whereas  others  are  consistent  
with  what  is  already  hypothesized  in  the  literatures  (e.g.,  influence  on  catalyst  
annealing).  
The  assembled  reactor  was  used  to  conduct  the  reported  high-­‐‑efficient  equimolar  
C2H2-­‐‑CO2  reaction.  Isotope  ratio  analysis  was  used  to  uncover  the  carbon  incorporation  
mechanism.  In  order  to  clarify  the  role  of  CO2  in  the  equimolar  C2H2-­‐‑CO2  reaction,  13C-­‐‑
labeled  CO2  was  used  as  feedstock.  By  comparing  the  Raman  spectra  of  the  CNTs  grown  
in  13CO2  ambient  and  in  12CO2  ambient,  it  was  found  that  the  C  in  CO2  was  not  
incorporated  into  the  CNTs.  I  proposed  that  role  of  CO2  could  be  assisting  
dehydrogenation  of  C2H2  and  presented  an  electron-­‐‑pushing  mechanism  for  the  
    47  
equimolar  C2H2-­‐‑CO2  reaction.  CO2  was  indicated  to  grasp  the  hydrogen  of  the  CNT  
lattice  from  the  proposed  mechanism,  but  more  evidences  are  needed  to  confirm  this  
assumption.  Isotopically  labelling  the  hydrogen  and  oxygen  might  be  employed  to  
detect  the  internal  reaction.  
In  order  to  further  understand  the  role  of  oxygen  in  CNTs  synthesis,  the  water-­‐‑
assisted  CNTs  growth  was  studied  in  this  thesis.  Various  concentrations  of  H2O  were  
added  to  the  input  ambient  during  the  annealing  and  growth  phase  of  CNTs.  
Quantitatively  studies  of  the  CNTs  outer  diameter  showed  that  CNTs  had  a  trend  to  
increase  with  H2O  concentration.  Raman  spectra  of  the  CNTs  demonstrated  that  CNTs  
turned  from  SWCNTs  to  MWCNTs,  consistent  with  the  increase  of  CNTs  outer  diameter.  
SEM  images  were  used  to  study  the  alignment  of  the  CNTs.  CNTs  grown  in  120  ppm  
H2O  had  the  best  alignment  property.  The  GC-­‐‑FID  results  proved  H2O’s  influence  on  the  
gas  composition,  especially  the  trace-­‐‑amount  light  hydrocarbons.  The  uniform  
arrangement  of  the  catalyst  particles  in  the  AFM  images  demonstrated  H2O’s  effect  on  
the  formation  of  catalyst  nanoparticles.  The  height,  size  and  interparticle  spacing  
increased  with  H2O  concentration.  
For  future  work,  I  would  continue  to  study  the  role  of  oxygen  in  CNT  synthesis  
using  the  gas  composition  analysis  and  isotope  ratio  analysis  techniques.  The  isotope  
label  technique  was  used  in  my  study,  but  the  adversity  of  analyzing  the  isotope-­‐‑
enriched  samples  blocked  the  way  to  further  acknowledge  the  track  of  each  input  gas.  
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For  the  study  of  equimolar  C2H2-­‐‑CO2  reaction,  the  CO2  with  δ13C~-­‐‑60‰,  which  could  be  
obtained  by  complete  combustion  of  CH4,  would  be  used  to  as  input  gas  in  order  to  
distinguish  the  C  in  C2H2  from  the  C  in  CO2  from  isotope  ratio  perspective.  For  the  study  
of  water-­‐‑assisted  CNTs  growth,  a  detailed  analysis  of  the  appearance  and  concentration  
of  alkanes,  alkenes,  alkynes  and  alcohols  is  needed.  The  correlation  of  catalyst  particles,  
CNT  quality,  and  appearance  of  gas  compositions  should  give  insight  into  the  role  that  
H2O  that  plays  in  creating  reactive  groups,  or  hindering  groups.  For  example,  the  
concentration  of  methylacetylene  might  have  relationship  with  the  CNT  alignment.  To  
test  this  hypothesis,  I  would  inject  different  amount  of  methylacetylene  in  the  carbon  
feedstock  and  monitor  changes  in  the  resultant  alignment,  keeping  humidity  at  120  ppm  
during  the  annealing  and  growth  process.    
My  work  has  given  insight  into  the  application  of  isotope  ratio  analysis  and  gas  
composition  analysis  techniques  for  clarifying  CNT  growth  mechanism.  Those  
techniques  should  be  able  to  expand  into  other  novel  material  synthesis  methods  that  
are  based  gas  phase  reactions.    
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